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Abstract
The oxidation of H2S is studied in a membrane reactor with separate feed of reactants. As a novelty in the concept of
separate introduction of the reactants, a sintered stainless steel membrane is used, because this type of material is easy to
integrate into the reactor, and the catalytic properties of the membrane itself makes the often difficult activation superfluous.
The macropore membrane (dp>1 mm) is characterized in the absence of a pressure difference by diffusion and conversion
experiments for determining the porosity to tortuosity ratio. Because the relative large pore diameter of the membrane,
Knudsen diffusion is of minor importance and the last important structure parameter of the membrane, B0, is determined in a
permeation experiment.
This membrane reactor is also studied in the presence of a pressure difference over the membrane; a situation where both
diffusion and convection affect the overall mass transfer. For this reason, a model based on the dusty gas model (DGM) is
used, where the structure parameters are estimated from isobaric conversion and permeation measurements and the physical
constants are taken from literature. This model predicts the conversion in the presence of a pressure difference very well,
without using fit parameters. Generally, it can be concluded that the performance of this sintered metal membrane reactor can
be described and operated equally compared to ceramic membrane reactors with separate feed of reactants. Regarding the fact
that there are several other types of sintered metals (e.g. nickel, silver or platinum), this type of membrane reactor seems to be
applicable for several other chemical applications. # 1998 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
In 1990 a novel type of catalytic membrane reactor
was presented [1]. It consisted of two chambers
separated by a non-permselective membrane (in their
study, dp300 nm). The membrane was not used for
its permselectivity, but acted only as a physical barrier
between the reactants which were fed to the opposite
sides of the membrane respectively. The reactants
diffused into the membrane and a reaction took place
at a point where the reactants met. If the reaction rate
is fast compared to the mass transfer rate, a small
reaction zone will exist at a place determined by the
stoichiometry of the reaction, the diffusion coeffi-
cients and the concentration of the reactants. Variation
of concentration of one of the reactants resulted
in a shift of the reaction zone without affecting the
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stoichiometry of the reaction. This property makes the
reactor attractive for performing reactions that require
a strict stoichiometric feed of reactants (e.g. the
catalytic reduction of NOx with ammonia).
Another application of this type of membrane reac-
tor is for kinetically fast, strongly exothermic hetero-
geneous reaction as suggested by Veldsink et al. [2].
These reactions are often accompanied with severe
problems like the formation of explosive mixtures and
the occurrence of thermal runaways, with more or less
destructive effects. By introducing the reactants on
both sides of the membrane, premixing of the re-
actants is avoided and therefore the above mentioned
thermal problems will not occur. Veldsink et al. [2]
tested this reactor for the catalytic oxidation of carbon
monoxide and the total catalytic oxidation of propane.
Saracco et al. [3] showed that by applying a trans-
membrane pressure difference an increase of the
conversion (up to 300% with regard to isobaric opera-
tion) could be achieved for the catalytic total oxidation
of propane.
This membrane reactor with separate feed of the
reactants was always studied for ceramic membranes.
However, the use of this type of membranes is hin-
dered and complicated by the activation, i.e. the
impregnation of the catalyst which was not reprodu-
cible and controllable with regard to the homogeneity
and activity. Moreover, the implementation of the
membrane in the reactor, which needed a complex
ceramic to stainless steel coupling (possibly one of the
reasons that ceramic membranes are still not used
frequently in the chemical process industry) is still
very difficult.
Owing to these two major drawbacks of ceramic
membranes, new types of materials for this reactor
concept are investigated. A possible alternative is the
use of sintered metals, which make the implementa-
tion in the reactor much easier. Remaining problems
are related to the catalytic properties, however, this is
not the issue of the present study. A model reaction
was selected for which the metal membrane itself was
already catalytically active. A general drawback of
this type of material would be rather the large variation
in pore radius in the membrane (see Figs. 1 and 2),
which possibly makes this material less attractive in
the concept of separated feed of reactants. In this work
a sintered stainless steel membrane was used. As a





It is investigated whether this type of material is
applicable in the membrane concept with separate
feed of the reactants.
2. Theory
The dominating transport phenomenon obtained in
macroporous membranes (dp>0.5 mm) is bulk diffu-
sion and in the case of a pressure difference over the
membrane the viscous flow contribution has to be
taken into account. Mass transfer in the presence of
Fig. 1. Surface photo of sintered stainless steel (100).
Fig. 2. Surface photo of sintered stainless steel (1000).
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a trans-membrane pressure difference cannot be
described by a simple Fick model but a specific
interaction of diffusion and convection has to be used.
For the case of separate feed of reactants, Veldsink et
al. [4] demonstrated that the dusty gas model (DGM)
based on the Stefan–Maxwell equations is a useful
tool.
In Section 2.1 an analytical model is presented for
the case of the absence of viscous flow (isobaric
operation). The second part deals with a more gen-
erally applicable numerical model for predicting the
conversion rates in the case where also a trans-mem-
brane pressure difference over the membrane is pre-
sent. The membrane characterisation has been carried
out in the absence- and presence of both a pressure
difference and a reaction taking place in the mem-
brane. The four studied situations are schematically
summarised in Fig. 3.
2.1. Flux model in the absence of a pressure
difference
When there is no pressure difference over the
membrane the transport determining phenomenon is
diffusion. Because the main free path of both reactants
(0.065 mm) is much larger than the pore radius
(>1 mm) Knudsen diffusion is negligible and molecu-
lar diffusion will be the dominant transport mechan-
ism. The situation of absence of pressure difference is
studied without (diffusion, Fig. 3(a)) and with (iso-
baric conversion, Fig. 3(b)) a reaction taking place in
the membrane.
2.1.1. Diffusion
Fluxes through a (cylindrical) membrane due to a
concentration can be described with the resistances in
series model.
In the membrane Fick’s law is taken into account:
Jat  ÿDa dca
dr
: (1)
The external mass transfer (from bulk to membrane)
on both sides of the membrane can be described with
an external mass transfer resistance, where the flux is
proportional to the concentration gradient between
bulk and interface:
Ja  ktgcta ÿ ct;ia  tube; (2a)
Ja  ksgcs;ia ÿ csa shell: (2b)
The mass transfer coefficients on both sides of the
membrane are estimated from the work on heat trans-
fer in annular passages by Lunberg et al. [5]. For
obtaining mass transfer coefficients the Chilton–Col-












Integration of Eq. (1) with boundary conditions:
cart  ct;ia ; (4a)
cars  cs;ia ; (4b)
and taken into account the area of diffusion, results in




a ct;ia ÿ cs;ia 2L
ln rs=rt  : (5)





lnrs=rt=Deffa   1=ktgrt  1=ksgrs
: (6)Fig. 3. Summary of experiments carried out with the stainless steel
membrane reactor.
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The effective diffusion coefficient in Eq. (6) can be
calculated from the binary diffusion coefficient multi-
plied with the quotient of porosity and tortuosity of the






where the binary diffusion coefficients are estimated
using the semi-empirical relations of Fuller et al. [7].
D0i 




ÿ 1=3 Pb viÿ 1=3n o2 : (8)
2.1.2. Isobaric conversion
When an instantaneous reaction takes place in the
membrane, profiles as shown in Fig. 3(b) are obtained.
For determining the mass transfer rate also Fick’s law
in the membrane (Eq. (1)) and mass transfer resis-
tances on both sides of the membrane are used,
resulting for both components in:
mol;a  kgcta ÿ ct;ia 2rtL 
Deffa 2L




mol;b  kgcsb ÿ cs;ib 2rsL 
Deffb 2L






the molar flow of both reactants are coupled via
bmol;a  ÿmol;b  0: (10)
Combining Eqs. (9a) and (9b) with Eq. (10) and
eliminating the location of the reaction plane co-
ordinate (r) the following equation for the molar flow






Deffa =Ltgrt  Deffb =Ksgrs  lnrs=rt
:
(11)
If the influence of the external mass transfer resist-













in which both the effective diffusion coefficient of A
and B can be determined very easily.
2.2. Flux model in the presence of a pressure
difference
In case of a pressure difference over the membrane,
the interaction of viscous flow and diffusion in the
porous membrane, has to be taken into account. There-
fore an extended model must be used (Veldsink et al.
[4]). The mass transfer rates inside the membrane are
calculated by solving the mass balance for each
component. The flux in the elementary mass balance
is calculated with the DGM, where the diffusion
coefficients are estimated as given in Section 2.1.1
(see Fig. 4).
If viscous flow affects the mass transfer rate sub-
stantially, the simple boundary conditions as shown in
Eqs. (4a) and (4b) cannot be used. The concentration
gradients in the external film are no longer simply
inversely proportional to the mass transfer coefficient,
but become a complex function of the fluxes of each
component at the membrane interface, as suggested by
Bird et al. [6] and also shown in Fig. 4.
The chambers on both sides of the membrane are
considered to be ideally mixed and because the overall
conversion of the reactants is kept low, the concentra-
tion in both compartments are chosen to be the inlet
concentration. The viscosity of the gas mixtures is
estimated via the method of Chung (Bird et al. [6]).
2.2.1. Permeation
The important structure parameters of the mem-
brane (B0, K0 and /) can be derived from permeation
measurements of a pure gas through the membrane
[8]. For this situation in Fig. 4 the presented model















for which B0 and K0 can be determined, respectively,
from the slope and the intercept of the plot of the LHS
of Eq. (12) versus the average pressure over the
membrane. By assuming non-interconnected and uni-
form cylindrical pores both the pore radius and the
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porosity/tortuosity ratio can be estimated as proposed

















Because the studied membrane has relatively large
pores, the Knudsen diffusion is not a substantial
transport phenomenon and therefore the estimation
of K0 from the intercept is very inaccurate. Only a
global estimation for K0 and / from permeation
measurements can be obtained. The value of K0 is
not so important as cited above and the / ratio can
better be examined from experiments carried out
without pressure difference as mentioned in Sec-
tion 2.1.
2.2.2. Reaction in the presence of a trans-membrane
pressure difference
If a reaction is taking place in the membrane and
there is a pressure difference over the membrane
concentration, profiles as shown in Fig. 3(d) are
expected. The exact conversions can only be predicted
with the DGM in combination with the complex
boundary conditions as given in Fig. 4. The various
important input parameters are determined from
experiments described in Sections 2.1 and 2.2.1 or
estimated from literature schematically shown in
Fig. 5.
3. Experimental setup
A schematic representation of the experimental
setup is shown in Fig. 6(a). Inlet gas mixtures of
H2S (Praxair NV calibration gas) in N2 (Hoekloos
5.0) and Air (Hoekloos 5.0) in N2 are introduced into
the reactor by four mass flow controllers (Brooks).
The mixtures can be fed to the reactor via the tube or
the shell side, co- or countercurrently, respectively. In
the reactor a cylindrical stainless steel membrane
(Krebso¨ge SIKA-R 0.5 IS, 1<dp<5 mm, 0.25) with
a length of 0.025 m and a tube and shell diameter of
0.006 and 0.010 m is welded in the inner tube (see
Fig. 6(b)).
The temperature in the reactor is measured and
regulated by a Eurotherm and the absolute pressure
Fig. 4. Schematic representation of the DGM based reactor model.
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and pressure difference are controlled by two back
pressure regulators. The pressures in both chambers
are registered by a digital pressure transducer (Druck)
and the pressure difference over the membrane is
measured via a pressure difference meter and mon-
itored via a computer. The analysis of the gas streams
was carried out by a SO2 analyser (Maihak Unor 610).
The unconverted H2S was analysed via combustion in
an afterburner fed with an excess of air over a-alumina
at 8508C to SO2. After analysing the gas streams
were cleaned from H2S and SO2 in a stripper before
vented.
Fig. 5. Schematic representation of the various input parameters for the model.
Fig. 6. (a) Experimental set-up; (b) Schematic presentation of the stainless steel membrane reactor.
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4. Results and discussion
4.1. Experiments in the absence of a pressure
difference
4.1.1. Diffusion
The diffusion experiments are carried out at room
temperature and atmospheric pressure. A N2/H2S
mixture is fed to the tube side (v670 N ml/min,
xH2S  0:00244, while pure nitrogen (v670 N ml/
min) is fed to the shell side. The amount of H2S
diffusing through the membrane is related with the
effective diffusion coefficient as shown in Eq. (6)
and the / ratio can be calculated from this result
with Eq. (7). The diffusion experiments are carried
out before and after the conversion experiments, car-
ried out at elevated temperature, and are shown in
Table 1.
From these results it can be concluded that the
effective diffusion coefficients in the membrane were
constant during all experiments.
4.1.2. Isobaric conversion
The conversion measurements without a pressure
difference over the membrane are visualised in Fig. 7,
using the linear form of (with neglecting the external
mass transfer coefficients) Eq. (5). In Fig. 7(a) H2S is
fed to the tube side and in Fig. 7(b) it is fed to the shell
side respectively. From intercept and slope the effec-
tive diffusion coefficients can be derived which are
given in the first two rows of Table 2. If the external
mass transfer is taken into account according to the
correlations of Lunberg et al. [5] the obtained values
are presented in the third row of Table 2.
From these results it can be concluded that the
external mass transfer has a small influence on the
total conversion. The results obtained from these
isobaric conversion experiments are consistent, what
is demonstrated by the observation that there is no
substantial difference between the estimated porosity
to tortuosity ratio for hydrogen sulphide and oxygen
(0.064 versus 0.061, respectively). Simulation with the
DGM (/ taken 0.063) showed also very good agree-
ment with the experimental data. Moreover, the dis-
tribution of the product SO2, either to the tube or shell
side, is predicted very well, as can be seen in Fig. 7(c).
If the results from diffusion and isobaric conversion
are compared, it can be concluded that the obtained /
ratio is not completely consistent. A possible explana-
tion for this rather small discrepancy is the inaccuracy
in the estimation of the bulk diffusion coefficients.
Because the diffusion and conversion experiments are
not carried out under the same conditions an under- or
overestimation of the bulk diffusion coefficient,
directly influences the obtained value of / (see
Eqs. (7) and (8)). As the temperatures of the conver-
sion experiments in the presence of a pressure differ-
ence (Section 4.2.2) are the same as those in the
isobaric conversion experiments, the obtained / ratio
from these experiments (Table 2) are used in this
situation.
4.2. Experiments in the presence of a pressure
difference
4.2.1. Permeation
The permeation measurements for determining the
structure parameters are given in Fig. 8, where the left
side of Eq. (12) is plotted against the average pressure
inside the membrane. B0 and K0 are determined from
the slope and intercept. It can be seen from the results,
which are summarised in Table 3, that the permeabil-
ity coefficient (B0) remained constant. B0 has only
raised marginally, which is possible due to the sinter-
ing of the smallest (dead-end) pores, resulting in an
averaged higher pore radius. The determination of K0
is, because of the large extrapolation, not very accu-
rate, but because of the minor influence of the Knud-
sen diffusion on the overall transport rate also not very
important. Owing to the high inaccuracy of the values
Table 1
Results of diffusion experiments
Temperature Pressure DeffH2S /
(K) (bar) (m2/s)
Before 294 1.06 1.2910ÿ6 0.072
After 293 1.05 1.3010ÿ6 0.071
Table 2
Results of isobaric conversion experiments (T573 K, P1.1 bar)
DeffH2S (m
2/s) / DeffO2 (m
2/s) /
H2S tube 3.4510ÿ6 0.065 2.8310ÿ6 0.053
H2S shell 2.9610ÿ6 0.048 3.2010ÿ6 0.052
With kg resistance 3.4110ÿ6 0.064 3.2710ÿ6 0.061
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Fig. 7. (a) Estimation of effective diffusion coefficients in the membrane with neglecting the external mass transfer. Oxygen is fed to the tube
side and hydrogen sulphide to the shell side, (b) Estimation of effective diffusion coefficients in the membrane with neglecting the external
mass transfer. Oxygen is fed to the shell side and hydrogen sulphide to the tube side, (c) Comparison of experimental conversion with the
prediction of DGM (/0.063, for experimental conditions see Fig. 5(a)).
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obtained for K0, it is not realistic to estimate the /-
ratio from these experiments.
4.2.2. Conversion in the presence of a pressure
difference
With all the characteristics obtained from these
experiments without a pressure difference over the
membrane and the permeation measurements all the
characteristics of the membrane are known, and the
influence of a pressure difference over the membrane
in combination with a reaction inside the membrane
can be predicted with the DGM schematically visua-
lised in Fig. 5.
In Fig. 9 the formation of SO2 is plotted against the
pressure difference over the membrane (with the high
pressure on the shell side). As can be seen in this
figure, the conversion is substantially increased with
the pressure difference. Also the distribution of the
product is affected and favoured to the (low pressure)
tube side, due to a shift of the reaction plane in the
membrane. This shift is visualised in Fig. 10 where
the calculated fraction profiles are plotted for a situa-
tion without pressure difference (Fig. 10(a)) and with
a pressure difference of 36.4 mbar (Fig. 10(b)). The
model predictions (lines in Fig. 9) are in good agree-
ment with the experiments and the conclusion can be
drawn that sintered stainless steel membranes can be
characterised with similar experimental techniques as
used for ceramic membranes. The influence of the /-
ratio on the outcome of the simulation is given in
Fig. 11, in which the total molar flow of SO2 is
calculated for three different /-ratios: 0.053, 0.063
and 0.073, respectively. From this figure it can be
concluded that the value of / has a substantial
Fig. 7. (Continued)
Table 3
Results of permeation experiments
K0 (m) B0 (m
2)
Before conversion experiments 110ÿ7 6.510ÿ14
After conversion experiments 310ÿ8 6.710ÿ14
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influence on the calculated SO2 flow. With increasing
the pressure difference over the membrane, the dis-
crepancies between the outcomes of the simulations
are decreasing, because the influence of diffusion
becomes less important. Furthermore, the value of
/ of 0.063, as determined from the isobaric conver-
sion experiments (Section 4.1.2), gives a satisfactory
agreement between experiments and simulations, as
mentioned before, however a slightly higher value of
/ would improve the comparison. Also this indicates
that the diffusion experiments (Section 4.1.1), where a
value of 0.071 has been measured, are in line with the
present results.
5. Discussion with regard to the applicability of
sintered stainless steel
Because the membrane itself has been used as the
catalyst, a homogeneously active membrane was guar-
anteed, and the applicability of the membrane prin-
ciple of separate feed of reactants is demonstrated
satisfactorily. If the pore radius is calculated with
Eq. (13c), using the B0 and /-ratio determined by
the permeation- and isobaric conversion measure-
ments, respectively, a pore radius of 2.9 mm is found.
This result is in good agreement with the value of
3 mm given by Krebso¨ge in their product information
[9]. Although this same product information also gives
a pore radius distribution of 1–5 mm it is demonstrated
that this rather large pore radius distribution has no
detectable effects on the performance of a sintered
stainless steel membrane reactor with the concept of
separate feed of reactants. Keeping in mind that there
are other types of sintered metals (e.g. nickel, silver or
platinum), the membrane concept in combination with
these materials opens the door to several other appli-
cations.
6. Conclusions
A membrane reactor based on sintered stainless
steel is an attractive application for the concept of
separated feed of reactants. The membrane is easily
integrated into the reactor and because the catalytic
Fig. 8. Permeation experiments with nitrogen at T294 K.
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activity of the construction nature of the membrane
itself is used a homogeneously active membrane is
guaranteed. A model based on the dusty gas model
predicts the conversions in the membrane very good.
The fundamental characteristics of the membrane are
determined from isobaric- and permeation measure-
ments; so no fit parameters are present in the model.
The only assumption made is regarding the oxidation
of H2S as an instantaneous reaction. This study makes
the conclusion justified that the fundamental descrip-
tion of this type of membranes can be done analogous
to those of ceramic membranes, which makes the
application of this membrane concept even more
attractive.
7. Notation
B0 permeation coefficient (m
2)
c concentration (mol mÿ3)
d diameter (m)
D diffusion coefficient (m2 sÿ1)
K0 Knudsen coefficient (m)
kr kinetic constant (s
ÿ1)
kg mass transfer coefficient in the gas phase
(m sÿ1)
r radius (m)
L length of membrane (m)
M molar weight (kg molÿ1)
N molar flux (mol mÿ2 sÿ1)
p partial pressure (Pa)
P pressure (Pa)
Q production rate (mol sÿ1)
R universal gas constant (J molÿ1 Kÿ1)
T temperature (K)
Sh Sherwood number (dimensionless)
Greek symbols
r location of the reaction plane (m)
 porosity (dimensionless)
Fig. 9. Formation of SO2 as a function of the pressure drop in tube and shell side.
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Fig. 10. (a) Fraction profile in the absence of a pressure drop; (b) Fraction profile in the presence of a pressure drop (P36.4 mbar).
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mol molar flow (mol s
ÿ1)
 stoichiometric constant (dimensionless)




a for component a
b for component b (subscript)
i for component i
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